1 0 1 5 a r t i c l e s Cyclin dependent kinases (Cdks) drive the cell cycle to coordinate processes such as DNA replication and chromosome segregation. Dysfunction of these kinases in mammals is associated with increased proliferation and genome instability of cancer cells 1 . Recently, several proteins involved in the DNA damage response were shown to be phosphorylated by Cdk1, revealing its role in coordinating DNA repair with replication 2 . The activities of the budding yeast DNA helicase Srs2 (ref. 3), checkpoint proteins Rad53 and Rad9 and the Rad9 homolog Crb2 in fission yeast are regulated by Cdk-mediated phosphorylation 4-7 . In human cells, phosphorylation of the tumor suppressor protein BRCA2 by Cdk in M phase inhibits its interaction with RAD51, which probably minimizes unscheduled recombination when chromosomes segregate 8 .
a r t i c l e s Cyclin dependent kinases (Cdks) drive the cell cycle to coordinate processes such as DNA replication and chromosome segregation. Dysfunction of these kinases in mammals is associated with increased proliferation and genome instability of cancer cells 1 . Recently, several proteins involved in the DNA damage response were shown to be phosphorylated by Cdk1, revealing its role in coordinating DNA repair with replication 2 . The activities of the budding yeast DNA helicase Srs2 (ref. 3) , checkpoint proteins Rad53 and Rad9 and the Rad9 homolog Crb2 in fission yeast are regulated by Cdk-mediated phosphorylation [4] [5] [6] [7] . In human cells, phosphorylation of the tumor suppressor protein BRCA2 by Cdk in M phase inhibits its interaction with RAD51, which probably minimizes unscheduled recombination when chromosomes segregate 8 .
Cdk1 in yeast controls the initial step of DSB-induced homologous recombination, 5′ strand resection. In G1 cells, DSB ends are poorly resected, thus enabling efficient repair by nonhomologous DNA end joining (NHEJ). In the S and G2 cells, when sister chromatids are available, DSBs are resected promptly to generate a single-stranded DNA (ssDNA) substrate for homologous recombination 9, 10 . Similarly, in fission yeast, NHEJ and homologous recombination are cell cycleregulated 11 , and Cdk activity is essential for the recruitment of the Rad51 recombinase to DSBs induced by ionizing radiation 4 . Finally, in human cells, Cdk is also required for early steps of homologous recombination 12 . Consistent with decreased DSB resection, Cdk1 kinase-deficient yeast cells also fail to activate the DNA damage checkpoint in response to a single DSB, even though the upstream checkpoint kinase Mec1 remains at least partially active 10, 13, 14 . These results have stimulated a search for targets of Cdk1 that help control early homologous recombination steps. Sae2 protein and its vertebrate ortholog CtIP, both involved in the initiation of resection together with Mre11-Rad50-Xrs2 (also called MRX; MRE11-RAD50-NBS1 or MRN in humans), were found to be substrates of Cdk1 and crucial regulators of DSB repair pathway choice [15] [16] [17] . The expression of the fission yeast Sae2 ortholog Ctp1 is also regulated during the cell cycle 18 . Besides Sae2, there are probably additional targets of Cdk1 needed for resection, because an SAE2 phosphomimic allele does not efficiently bypass the need for Cdk1 in resection 15, 19 . Evidence for the existence of additional targets comes from studies of resection in Cdk1 kinasedeficient cells that also lack the Ku70-Ku80 complex, a central component of the NHEJ pathway. Several studies have demonstrated that deletion of Ku proteins restores resection in Cdk1-deficient cells, but extensive resection further from the break remains impaired 13, [20] [21] [22] . Because Sae2 together with MRX probably act during the initial stages of resection, this result indicates that extensive resection is dependent on Cdk1 as well. We aimed to understand how Cdk1 controls extensive resection in budding yeast. Here, we present our genetic and biochemical studies that reveal the role of Cdk1-mediated phosphorylation of Dna2, whose nuclease activity is important for extensive DSB resection in cells.
RESULTS

Dependence of Dna2-mediated long-range resection on Cdk1
First, we examined which of the protein components involved in the DNA-motor-driven path of resection 23-25 -Exo1, Dna2, Sgs1 or MRX complex-remain active in yku70∆ Cdk1 kinase-deficient cells. We analyzed resection by means of Southern blot experiments at an HO break located at MAT, or at 28 kb away from the break (FEN2 locus), to follow the initial removal of 5′ strands and long-range resection, respectively 26 . We constructed exo1∆, sgs1∆ and dna2∆ pif1-m2 derivatives of yku70∆ 1 0 1 6 VOLUME 18 NUMBER 9 SEPTEMBER 2011 nature structural & molecular biology a r t i c l e s cdk1-as1 cells and tested resection in these cells either with or without the ATP analog 1-NMPP1 that inhibits cdk1-as1 kinase activity 27 . The pif1-m2 mutation suppresses the lethality of DNA2 deletion 28 . As previously noted 22 , in Cdk1 kinase-deficient cells, deletion of YKU70 restores resection only of sequences adjacent to the DSB, as evidenced by the lack of resection 28 kb away ( Fig. 1a and Supplementary Fig. 1 ). We found that Exo1, but not Dna2 or Sgs1, is required for resection in yku70∆ cells where Cdk1 kinase is inactive. Importantly, in Cdk1 kinase-deficient exo1∆ yku70∆ cells, additional bands and smearing beneath the HO break intermediates that are typical for cells that lack both Exo1 and Dna2 accumulate. This confirms that the Dna2-dependent long-range resection pathway is inactive in these conditions ( Fig. 1b, Supplementary  Fig. 1 and ref. 26 ). As previously determined, MRX is responsible for the limited 5′ strand cleavage ( Fig. 1b) . Similar to resection, DSB repair by ectopic recombination depends on Exo1 in Ku and Cdk1 kinasedeficient cells (Supplementary Fig. 1 ). Consistent with this view, Ku blocks Exo1-and MRX-dependent resection in cycling cells 29, 30 but not as much as in Cdk1 kinase-deficient cells. Our results suggest that Exo1 and MRX with Sae2 are active, at least partially so, in the absence of both Ku and Cdk1 kinase, and that the Dna2-dependent resection pathway is probably regulated by Cdk1.
To directly test whether Cdk1 activity is needed to sustain normal resection rates further from the break, we measured resection in cells in which Cdk1 is active for the first 4 h following DSB induction, after which cdk-as1 kinase is blocked by 1-NMPP1. Long-range resection measured 28 kb from the DSB was still delayed when compared to cells that retained active Cdk1 (Fig. 1c) . Therefore, Cdk1 controls both initial and long-range resection, and, besides Sae2, additional targets of Cdk1 kinase probably exist.
One candidate protein was Dna2, previously shown to be a likely target of Cdk1 in genome-wide screens 31 . First, we investigated whether Cdk1 activity is needed for Dna2 recruitment to DSBs.
We followed recruitment of Dna2 tagged with nine copies of Myc (Dna2-9 × Myc) by using chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR) techniques, with primers specific for sequences 1 kb upstream of the HO break. Recruitment of Dna2-9 × Myc occurred efficiently in yku70∆ cdk-as1 cells only when Cdk1 remained active ( Fig. 1d) . Accordingly, fluorescence microscopy revealed that Dna2-GFP foci are formed in yku70∆ cdk-as1 cells only in the presence of active Cdk1 (Supplementary Fig. 2) . In contrast, the Sgs1 helicase, which works together with Dna2 in resection 23, 24, 26 , is recruited normally to the DSB in yku70∆ Cdk1 kinase-deficient cells (Supplementary Fig. 2 ).
Mec1- and Cdk1-dependent phosphorylation of Dna2
To verify whether Dna2 is phosphorylated, we examined the electrophoretic mobility of Dna2-9 × Myc by western blot analysis. We observed a mobility shift of Dna2-9 × Myc following DNA damage ( Fig. 2a) . The shift was due to phosphorylation, as verified by treating immunoprecipitated Dna2 with lambda phosphatase (Supplementary Fig. 2 ). Dna2 phosphorylation is Cdk1-dependent, as it did not occur in kinasedeficient cells ( Fig. 2a) . The maintenance of Dna2 phosphorylation also depends on Cdk1 activity, as revealed when we added 1-NMPP1 4 h after DSB induction ( Fig. 2a) . To investigate whether Dna2 phosphorylation requires damage checkpoint proteins, we tested its phosphorylation in the mec1∆ sml1∆ mutant. Dna2 was not phosphorylated in the mec1∆ sml1∆ mutant but remained phosphorylated in the absence of the signaling kinases Rad53, Chk1 or Dun1, suggesting that Dna2 is a direct target of Mec1 ( Fig. 2a ; data not shown). Immunoblotting of Dna2-TAP from cells 4 h after HO break induction with a phosphospecific antibody confirmed that Dna2 is phosphorylated by Mec1 or its homolog Tel1 (Supplementary Fig. 2 ). Together, these results show that Cdk1 and Mec1 are required for Dna2 phosphorylation upon DNA damage. (Supplementary Fig. 2) . We purified wild-type Dna2 and dna2 mutants in which the serine or threonine within the full Cdk1 consensus sites had been replaced with alanine ( Supplementary Fig. 2 ) and did an in vitro phosphorylation assay with purified Cdk1-Clb2 as previously described 31 (Fig. 2b) . We found reduced phosphorylation of dna2 with an S17A mutation (dna2 S17A ) and of dna2 S237A , minimal phosphorylation of double mutated dna2 S17A S237A and absence of phosphorylation of triple mutant dna2 T4A S17A S237A (hereafter dna2-3A). These results demonstrate that Ser17, Ser237-and to a lesser degree Thr4-of Dna2 are phosphorylated by Cdk1. The five minimal S/T-P sequences are probably not targeted by Cdk1. The dna2-3A mutant retains biological activity, as it grows normally, whereas a complete deletion of dna2 is lethal 28 .
To examine whether the Cdk1 consensus sites in Dna2 are important for its phosphorylation in response to DSB induction, we introduced plasmid-borne DNA2, dna2 T4A , dna2 S17A , dna2 S237A and dna2-3A genes tagged with Flag into dna2∆ pif1-m2 cells. The levels of wildtype proteins were similar to all the mutated proteins, but we observed a decrease in phosphorylation upon DSB induction in dna2 S17A and dna2 S237A mutant cells and particularly in dna2 S17A S237A double mutant and dna2-3A mutant cells (Fig. 2c) . These results suggest an important role for Ser17 and Ser237 in Dna2 phosphorylation by Mec1 in response to DNA damage.
Role of Dna2 phosphorylation in the DNA damage response
To test the role of phosphorylation of the Cdk1 target residues in resection, we compared the rates of 5′ strand resection of the HO break in dna2∆ cells harboring a centromeric plasmid carrying either wildtype DNA2 or the dna2-3A mutant allele. As controls, dna2∆ pif1-m2 cells that show a marked defect in resection were included. Initiation of resection was identical in all the mutants, but the rate of resection further from the break site was decreased in the dna2-3A mutant strain ( Fig. 3a, Supplementary Fig. 3) . We observed similar resection rates in the dna2∆ pif1-m2 strain background complemented with plasmids carrying the dna2 mutant alleles (Supplementary Fig. 3) . A short delay in resection observed in dna2-3A cells suggests that phosphorylation of Ser17 and Ser237 is important for timely resection by Dna2. We observed a similar partial defect in mutants bearing a truncation of the N-terminal 248 residues of Dna2 (dna2∆N248), where all three full Cdk1 consensus sites were eliminated. The growth rate of dna2-3A and N-terminal truncation mutants was comparable to that of the wild-type strain. Importantly, the resection defect shown by the dna2 mutant harboring eight point mutations eliminating all possible Cdk1 consensus sites was no more severe than that in the dna2-3A strain (data not shown).
Exol defines a second pathway of long-range resection, thus it is possible that the dna2 mutants are compensated for by Exo1. To test this possibility, we constructed an exo1∆ dna2∆ strain expressing either wild-type DNA2, dna2-3A or dna2∆N248 and tested resection rates. The growth rates of exo1∆, exo1∆ dna2-3A and exo1∆ dna2∆N248 were comparable. The exo1∆ dna2-3A strain showed a very marked defect in extensive resection (Fig. 3b ). An even more severe defect was observed in exo1∆ dna2∆ cells with dna2∆N248. Accordingly, exo1∆ mutants bearing Dna2 lacking the Cdk1 consensus sites or with the N248 deletion were much more sensitive to DNA damage than exo1∆ cells (Fig. 3c) . Overexpression of dna2-3A was able to slightly restore resistance to DNA damage, indicating that a higher level of mutant protein can partially bypass the need for Cdk1-dependent phosphorylation. Notably, the dna2 S17D S237D mutant that mimics phosphorylation showed normal resection and resistance to DNA damage that was identical to wild-type Dna2 in the presence of Cdk1 ( Supplementary  Fig. 3 ). We conclude that firstly, Dna2 phosphorylation by Cdk1 stimulates its role in resection and DNA damage resistance, and secondly, the dna2-3A or dna2∆N248 mutant can contribute to extensive resection mostly in an Exo1-dependent manner, suggesting crosstalk between the Exo1-and Dna2-dependent resection pathways.
Dna2 phosphorylation stimulates its recruitment to DSBs
To understand the role of Cdk1-dependent Dna2 phosphorylation, we compared nuclease activity and protein-protein interactions of wild-type Dna2 and mutant dna2-3A proteins purified from yeast. a r t i c l e s
We found that dna2-3A mutants possess normal nuclease activity and interact with other resection proteins as well as wild type Dna2 (Supplementary Fig. 4) . We therefore looked for clues about the function of Dna2 phosphorylation in cells. Because Dna2 is not recruited to DSBs in Cdk1 kinase-deficient cells (Fig. 1d) , we asked whether Cdk1-dependent phosphorylation at Ser17 and Ser237 is required for Dna2 recruitment. To compare recruitment of wild type and mutants, we constructed dna2∆ strains carrying GFP-tagged DNA2 or mutant dna2 S17A , dna2 S237A , dna2 S17A S237A , dna2-3A and dna2∆N248 on a centromeric plasmid. We tested the recruitment of the GFP-tagged proteins to an HO-induced DSB 4 h after break induction using fluorescence microscopy. The dna2 S237A -GFP and dna2 S17A -GFP mutant proteins showed decreased intensity of foci compared to wild type, and the dna2 S17A S237A -GFP and dna2-3A-GFP mutants formed only barely visible foci. We observed an even greater defect in focus formation for dna2∆N248-GFP ( Fig. 4a and Supplementary Fig. 5 ). As has been noted previously 32 , nuclear localization was diminished in the dna2 S17A -GFP mutant. These data suggest that Ser17 and Ser237 of Dna2 are important for its nuclear localization and recruitment to DSBs. Consistent with the microscopy data, ChIP analysis to examine for protein association 1 kb from the DSB ends showed decreased recruitment of the single mutants dna2 S17A -Flag and dna2 S237A -Flag, and severely impaired recruitment of dna2 S17A S237A -Flag, dna2-3A-Flag and dna2∆N248-Flag (Fig. 4b) .
When Ser17 and Ser237 were replaced with aspartate to mimic phosphorylation, Dna2 nuclear localization and DSB recruitment were largely restored ( Fig. 4a,b, Supplementary Fig. 5 ). We therefore tested whether dna2 S17D S237D -GFP is normally recruited to DSBs in yku70∆ Cdk1 kinase-deficient cells, in which resection close to DSB ends is normal. However, even when nuclear localization occurred normally, DNA-damage-focus formation of dna2 S17D S237D -GFP was impaired if Cdk1 kinase activity was blocked (Fig. 4c) . Consistent with the poor DSB recruitment, the phosphomimetic dna2 S17D S237D mutation does not restore long-range resection in Cdk1-and Ku-deficient cells (data not shown). These results suggest that another Cdk1-controlled event is needed for efficient Dna2 recruitment to DSBs. An upstream protein that may be important for Dna2 recruitment is the trimeric replication protein A (RPA), the Rfa2 subunit of which is phosphorylated in a cell cycle-dependent manner 33 . As described above, we have also demonstrated that Dna2 is phosphorylated by the checkpoint kinase Mec1. This phosphorylation is not needed for Dna2 phosphorylation by Cdk1, Dna2 nuclear localization, recruitment to DSBs, or Dna2-dependent resection, as analyzed in Exo1-and Mec1-deficient cells (Supplementary Fig. 6 ). Once the Mec1-specific phosphorylation sites in Dna2 are identified, it will be possible to define their significance.
DISCUSSION
Cdk1 kinase is needed for proper 5′ strand resection. Previously, Sae2 was reported to be a target of Cdk1 (ref. 15 ), but the molecular function of Sae2 phosphorylation was not determined. Here, we have provided evidence that in addition to Sae2, Dna2 is also phosphorylated by Cdk1. Two serines within Dna2 are targeted by Cdk1, an important event for the DSB recruitment of Dna2. A decrease in Dna2 recruitment results in impaired resection that is further aggravated by the deletion of EXO1. The cell cycle control of resection by Cdk1 is thus more complex than previously anticipated, and additional Cdk1 targets relevant for DSB resection must exist, as Dna2 and Sae2 pseudophosphorylation is insufficient for normal resection in Cdk1-deficient cells.
The budding yeast S. cerevisiae has two resection pathways, controlled by Exo1 and Sgs1 with Dna2, that can generate long ssDNA at DSBs 23, 24, 26, 34 . These two pathways appear to be conserved in human cells 35 . Notably, BLM, the Sgs1 ortholog in humans, seems to stimulate both nucleases 36 . The precise reason for the existence of two resection pathways is not yet known. The Exo1-dependent pathway has the major role in the resection of Spo11-induced DSB's during meiosis [37] [38] [39] , in processing UV damage 40 or within the context of stalled replication forks in checkpoint-deficient cells 41 . Why the Sgs1 with Dna2 pathway does not contribute in these circumstances remains to be established. In mitotic cells, elimination of Exo1 and particularly Dna2 slows down the rate of resection, suggesting that one pathway cannot completely substitute for the other, whereas a r t i c l e s removal of both Dna2 and Exo1 eliminates long-range resection 26 . It is possible that although the two pathways can act independently, they normally collaborate during resection. Indeed, Exo1 and Dna2 may be present simultaneously at DSB ends, because a Dna2-GFP focus is present in all cells with an induced DSB, and we have been able to show by ChIP that both Exo1 and Dna2 are associated with regions proximal to and farther away from the DSB site 26, 30 . We have shown here that the dna2-3A and dna2∆N248 mutants reveal a modest defect in resection when compared to complete elimination of Dna2. However, Exo1 becomes indispensible for resection in these mutants, suggesting that dna2 mutant proteins that are recruited poorly to DSBs contribute to resection in conjunction with Exo1. One possible cause of this is that the two nucleases are needed for resection because each may be impeded by unique DNA sequences or structures that are less inhibitory to the other. Based on our results, we propose that Cdk1-mediated phosphorylation of Dna2 ensures an optimal response to DNA damage in S-phase, when most of the spontaneous DNA damage occurs. However, it is likely that Cdk1-dependent phosphorylation of Dna2 is also important for other well-documented functions of Dna2, most notably in Okazaki fragment processing 42 . Our study makes a significant contribution toward delineating the cell-cycle dependence and regulation of DNA damage repair and replication.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
